Abstract Cold plasma generated by dielectric barrier discharge (DBD) at atmospheric pressure was adopted for preparation of commercial TiO2 Degussa P25 supported Au catalysts (Au/P25-P) with the assistance of the deposition-precipitation procedure. The influences of the plasma reduction time and calcination on the performance of the Au/P25-P catalysts were investigated. CO oxidation was performed to investigate the catalytic activity of the Au/P25 catalysts. The results show that DBD cold plasma for the fabrication of Au/P25-P catalysts is a fast process, and Au/P25-P (4 min) exhibited the highest CO oxidation activity due to the complete reduction of Au compounds and less consumption of oxygen vacancies. In order to form more oxygen vacancies active species, Au/P25-P was calcined to obtain Au/P25-PC catalysts. Interestingly, Au/P25-PC exhibited the highest activity for CO oxidation among the Au/P25 samples. The results of transmission electron microscopy (TEM) indicated that the smaller size and high distribution of Au nanoparticles are the mean reasons for a high performance of Au/P25-PC. Atmosphericpressure DBD cold plasma was proved to be of great efficiency in preparing high performance supported Au catalysts.
Introduction
Cold plasma, characterized by high electron temperature and low gas temperature, has recently been proved to be a competent method for fabricating supported metal catalysts [1−5] . It was found that the cold plasma prepared supported metal catalysts showed smaller size and high dispersion of metal nanoparticles, which resulted in high activity and selectivity for catalytic reactions. Among those methods for generating cold plasma, dielectric barrier discharge (DBD), one method that was often adopted for generating cold plasma at atmospheric pressure, has recently been used to prepare supported metal catalysts and is considered to be an efficient method [6−8] .
CO oxidation has drawn much research attention for its wide applications in automotive exhausts, indoor air and preferential CO oxidation for proton exchange membrane fuel cells (PEMFC) [9−12] . Supported nanogold catalysts have been thought to be the most efficient catalysts for low temperature CO oxidation since the pioneering work by Haruta [13] . In the case of CO oxidation, it was thought CO molecules may be strongly adsorbed onto the low-coordination sites within gold nanoparticles. In order to improve their CO oxidation activity, oxygen activation is still a problem. Schubert et al. [14] distinguished between two major groups of supported materials, reducible and non-reducible metal oxides. The reducible metal oxides were thought to be active support, because they may create oxygen vacancies on the support, close to the gold nanoparticles, which were proposed as an active center to activate oxygen during CO oxidation. Among the active supports, TiO 2 , especially commercial Degussa P25, was often adopted.
In our previous work, a plate-to-plate DBD cold plasma technology was developed at atmospheric pressure using hydrogen-contained gas, and was adopted for fabricating supported Pd catalysts for CO oxidation [15−17] . By tuning the plasma-support interaction, the Pd nanoparticles with smaller size and high dispersion were obtained. However, to the best of our knowledge, no work has been conducted to fabricate supported Au catalysts using DBD discharge. The catalytic activity of the supported Au nanoparticles is closely linked to the size of Au nanoparticles and they often exhibit the highest CO oxidation activity in the range of 1-3 nm [18, 19] . However, our preliminary experiments showed that it was hard to prepare high performance supported Au catalysts by DBD cold plasma combined with a simple impregnation method. Therefore, the challenge still remains as to how to prepare the smaller size of supported Au nanoparticles to enhance the performance of Au catalysts.
In this study, atmospheric-pressure DBD cold plasma was used to fabricate commercial TiO 2 Degussa P25 supported Au catalysts (Au/P25-P) for the first time with the deposition-precipitation procedure. Interestingly, the Au/P25-PC catalysts prepared by DBD cold plasma following calcination exhibited a higher CO oxidation activity compared with those prepared by a conventional deposition-precipitation method. The influences of the plasma treating time and calcination on the performance of the Au/P25 catalysts are discussed.
Experiment
Supporting of the gold on a commercial TiO 2 Degussa P25 was prepared by the deposition-precipitation procedure with urea (DPU) according to the procedure reported previously [20] . Briefly, 5.0 g P25 and 200 mL of deionized water was mixed with the gold precursor HAuCl 4 (11 mL, 10 g·L −1 ) solution. Then, a designated amount of urea was added into the solution with a molar ratio of gold to urea at 1 : 200. Thereafter, the suspension temperature was increased to 80 o C and kept constant for 8 h, then aged at room temperature for 12 h. Finally the precipitate was obtained from the solution through filtration. The filtered cake was washed 3 times by deionized water, and dried at 80 o C for 6 h. Part of the powder was reduced by atmospheric-pressure DBD cold plasma, and the samples obtained were denoted as Au/P25-P (X min). X was the plasma treatment time. For comparison, part of the powder was calcined at 300 o C, and the sample obtained was denoted as Au/P25-C.
Detailed of the atmospheric-pressure DBD cold plasma device used to prepare commercial TiO 2 Degussa P25 supported gold catalysts (denoted as Au/P25-P) can be found in our previous work [8, 21] . A reaction cell with two quartz dielectrics (1.5 mm thick) were placed between the high-voltage electrode and ground electrode, which were both made in stainless steel plates (Φ50 mm). The discharge gap was 4 mm. A mixture of Ar (> 99.99%) and H 2 (> 99.99%), the working gas, was guided through the reaction cell in a total flow rate (F ) of 100 mL · min −1 (F Ar : F H2 = 1 : 1). The plasma treatment was conducted as follows: 0.3 g sample was uniformly put into the reaction cell, and then a 14.1 kHz sine-wave high voltage was applied without extra heating. The plasma treatment time were 2 min, 4 min and 6 min, respectively. Unless specified elsewhere, the plasma treatment time was 2 min.
X-ray photoelectron spectroscopy (XPS, ES-CALAN250 Thermo VG) was adopted to investigate the chemical compositions of the Au/P25 samples, using a monochromatized Al Kα (1486.6 eV) X-ray source. All binding energies were referenced to the C1s XPS spectra at 284.6 eV. Transmission electron microscope (TEM: Tecnai TM G2 Spirit, FEI, USA) was adopted to characterize the samples at an accelerating voltage of 200 kV. The powder X-ray diffraction (XRD) investigation of the samples was performed on a Dandong Haoyuan DX-2700 X-ray diffractometer at 40 kV and 30 mA for graphite-monochromatized Cu K α1 radiation (λ=1.54178Å).
CO oxidation was performed in a quartz tube (i.d. 4 mm) at atmospheric pressure with 30 mg of catalyst, which was similar to our previous work [15] . The reaction over the temperature range of 15-100 o C was started in a gaseous mixture of flowing CO, O 2 and N 2 with a volume ratio of 1 : 20 : 79. The flow rate of the CO standard gas was controlled at 20 mL · min −1 or 40 mL·min −1 decided by the experimental requirements. Analysis of the effluent was carried out online by a gas chromatograph (Agilent 7890) equipped with a TDX-01 column and a thermal conductivity detector (TCD).
3 Results and discussion
Characterization of the samples
The plate-to-plate DBD reactor used in this experiment was powered by a 14.1 kHz sinusoidal high voltage power supply (CTP-2000K, Corona Laboratory, Nanjing, China). The discharge voltage and current waveforms of the cold plasma are shown in Fig. 1(a) . The peak-to-peak sinusoidal voltage is 36 kV, and a typical filamentary DBD discharge mode was observed. As shown in Fig. 1(b) , the 65.6 W of the electric discharge power was achieved according to the Lissajous figure of the DBD plasma. Accordingly, taking the discharge gap (4 mm) and the size of electrodes (diameter 50 mm) into consideration, the power density dissipated to the plasma was 8.4 W·cm −3 . Fig. 2 presents the CO oxidation activity over the Au/P25-P samples prepared by DBD cold plasma at 2 min, 4 min and 6 min, respectively. As a comparison, CO oxidation over Au/P25-C was also conducted under the same conditions and shown in Fig. 2 . With the increase in reaction temperature, CO oxidation activity over the samples was significantly enhanced due to the decrease of the activation energy according to the Arrhenius equation. All the Au/P25 samples exhibit high activity for CO oxidation, and the activity of the samples ranks as follows: Au/P25-C> Au/P25-P (4 min)> Au/P25-P (2 min)> Au/P25-P (6 min). The size and chemical states of Au nanoparticles are generally thought to be vital for the performance of supported Au catalysts. Atmospheric-pressure DBD cold plasma for preparation of Au/P25-P catalysts is a fast and low-temperature process and previous study showed that the short processing time had little influence on the size of metal nanoparticles [21] . In addition, it has been reported that it is not suitable for drying uncalcined Au catalysts because the normally used ethanol solvent may change the sizes of Au particles [22] , consequently TEM images of the samples were not shown here.
XPS spectra of Au4f within the Au/P25-P samples prepared at different time were observed to investigate the influence of the chemical states of Au nanoparticles, as illustrated in Fig. 3 . Obviously, Au in Au/P25-P (4 min) and Au/P25-P (6 min) exists in the form of metallic Au, while Au4f spectra in Au/P25-P (2 min) can be deconvoluted into two peaks, ascribed to Au 0 and Au + , respectively. However, Au predominantly exists in the form of metallic Au in Au/P25-P (2 min), which indicates that atmospheric-pressure DBD cold plasma is fast and facile for preparing supported Au catalysts. As a result of the incomplete reduction of gold ions, the activity for Au/P25-P (2 min) was lower than that for Au/P25-P (4 min) and Au/P25-P (6 min). Fig.3 XPS spectra of Au4f in the Au/P25-P samples prepared by DBD plasma at different time Taking into account the particle size and chemical states of the Au nanoparticles, Au/P25-P (4 min) and Au/P25-P (6 min) should exhibit the same CO oxidation activity. Interestingly, Au/P25-P (4 min) presents a higher performance than Au/P25-P (6 min), and both of the activities were much lower than that for Au/P25-C (Fig. 2) . The reasons may be illustrated as follows. Oxygen vacancies on the surface of the TiO 2 support were also proved to be favorable for CO oxidation [22] . Atmospheric-pressure DBD cold plasma provides a reduction process during preparing Au/P25 catalysts. Due to the adoption of H 2 among the working gas, the H atoms formed in the DBD cold plasma may consume the oxygen vacancies on the surface of the TiO 2 support. However, the preparation of Au/P25-C by calcination at atmosphere is a decomposition process, and more oxygen vacancies will be formed due to the dehydroxylation. Therefore, Au/P25-C presents the highest activity, and the activity of Au/P25-P (4 min) was higher than that for Au/P25-P (6 min).
In order to form more oxygen vacancies, the Au/P25-P samples were calcined for 2 h at 300 o C in atmosphere to obtain Au/P25-PC samples. CO oxidation activities over the Au/P25-C and Au/P25-PC samples were detected under the same conditions as that of the Au/P25-P samples (the result is not shown here). Interestingly, all the Au/P25 samples show high performance, and 100% CO conversion was obtained, which proves that the calcination of the Au/P25-P samples at atmosphere is helpful for dehydroxylation to form an active species of oxygen vacancies, which play an important role in enhancing the CO oxidation activity.
To distinguish the activity of the Au/P25 samples from each other, the flow rate of the CO standard gas was doubled to 40 mL · min −1 , and the CO oxidation activities are shown in Fig. 4 . Obviously, the activity of the samples for CO oxidation is as follows: Au/P25-PC (2 min) > Au/P25-C > Au/P25-PC (4 min). The difference of the activity between Au/P25-PC (2 min) and Au/P25-PC (4 min) may be ascribed to the varied reduction time by DBD cold plasma. As shown in Fig. 3 , Au predominantly exists in the form of metallic Au in Au/P25-P (2 min). A longer reduction time may produce more hydroxyl groups, which were not liable for producing oxygen vacancies active species under the same calcination condition. From what has been discussed above, we may conclude that the CO oxidation activity over the Au/P25 catalysts followed the order: Au/P25-PC (2 min) > Au/P25-C > Au/P25-P (2 min). To get an insight into the influence mechanism, the chemical states and the size of the Au nanoparticles are also discussed besides the oxygen vacancies. As a result of the superior CO oxidation activity of the Au/P25-PC (2 min) sample, the Au/P25 samples prepared by DBD cold plasma for 2 min were adopted to further investigate the influence of the different treatment methods on CO oxidation activity. In the following discussion, Au/P25-P (2 min) and Au/P25-PC (2 min) were abbreviated as Au/P25-P and Au/P25-PC, respectively. Fig. 5 shows Au XPS spectra in Au/P25-P, Au/P25-PC and Au/P25-C. Obviously, Au in Au/P25-PC and Au/P25-C exists in the form of metallic Au. However, a little Au + was formed in Au/P25-P, although the Au predominantly exists in the form of metallic Au. This indicates that part of the Au ions were not reduced.
The XRD patterns of Au/P25-P, Au/P25-PC and Au/P25-C were also observed, as shown in Fig. 6 TEM images of Au/P25-P, Au/P25-PC and Au/P25-C and the corresponding histograms of the statistical size distribution of Au nanoparticles are shown in Fig. 7 . The average diameter of the Au nanoparticles (D mean ) and the standard deviation (STD) were 4.6±1.8 nm, 3.2±1.3 nm and 3.8±1.2 nm, in diameter for Au/P25-P, Au/P25-PC and Au/P25-C, respectively. Obviously, the Au nanoparticles were not well dispersed and larger Au nanoparticles were formed on the surface of the TiO 2 support due to the adoption of an ethanol solvent to investigate the TEM [23] . However, smaller Au nanoparticles were uniformly distributed on the surface of TiO 2 in Au/P25-PC and Au/P25-C due to the deposition-precipitation process. Interestingly, the Au nanoparticles in Au/P25-PC were smaller and more narrowly distributed than that in Au/P25-C ascribed to the enhanced metal-support interaction induced by cold plasma preparation [8, 15] . These are the main reasons for the high performance of Au/P25-PC catalyst. 
Conclusions
Au/P25-P catalysts were successfully fabricated by DBD cold plasma at atmospheric pressure. Influences of plasma treating time on Au/P25-P for CO oxidation were investigated. XPS analyses show that Au in Au/P25-P (2 min) predominantly exists in the form of metallic Au, which indicated that atmospheric-pressure DBD cold plasma for preparation of supported Au catalysts is a fast process. Moreover, Au/P25-P (4 min) exhibited the highest CO oxidation activity due to the fact that compound of Au ions had been completely reduced and not too much oxygen vacancies were consumed. In order to form more oxygen vacancies active species, Au/P25-P were calcined to obtain Au/P25-PC catalysts. Interestingly, Au/P25-PC exhibited the highest CO oxidation activity among the Au/P25 samples, which may be ascribed to the smaller size and high distribution of Au nanoparticles generated from the treatment of DBD cold plasma.
